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Abstract
High concentration ozone presented at airplane cruise altitudes will enter the cabin with bleed air and threaten occupants’ heath. 
While current airworthiness standards have regulated the maximum level of ozone permitted, there still is a lack of a thorough
understanding of the whole process which affects ozone retention within the whole airplane, especially the influence of airplane 
environment control system (ECS) operation. We have proposed different analytical models to evaluate the ozone removal 
efficiency and to consider different flow conditions and deposition mechanisms, including Distributed Parameters Model (DPM) 
for ECS and  steady analytical model for cabin. By taking Boeing model 747-400 as a sample, we found that ECS contributes to 
overall ozone retention only to a limited extend at under clean conditions. The effects will be enhanced by the chemical reaction 
between ozone and bleed air contaminants deposited inside ECS and change with the variations of operation conditions, 
especially the bleed air pressure.
© 2015 The Authors. Published by Elsevier Ltd.
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1. Introduction
Ozone is a strong oxidant which presents at cruise altitudes of civil aircraft, and its final concentration in aircraft 
cabin is cared by many researchers[1]. Bischof et al.[2] found that the ozone concentration was greater than 0.1 ppm 
for 75% of the flight time, with maximal concentration of 0.4 ppm averaged over 4 h and 0.6 ppm over 1h on 14 
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flights over polar areas, and indicated that the highest ozone concentration in the cabin is experienced during high 
altitude, long distance flight at high latitude.
Concentration of the ozone inside the cabin depends heavily on the ambient concentration and the transportation.
Deposit process starts from bleed airport of engine, goes through ozone converters in most cases and ECS and 
finally reach the supply port of cabin, where the cabin and ECS both contribute largely to ozone retention by surface 
deposition or chemical reaction. Tamas et al. [3]systematically evaluated the factors which affects ozone removal 
rates in a simulated airplane cabin, considering the variation of the presence or absence of people, soiled T-shirts, 
airplane seats and a used filter, and found that the optimal way to reduce people’s exposure to both ozone and ozone 
oxidation products is an effective way to remove ozone from the air supply system of an airplane. Numerical
simulations conducted by Rai et al. [4] revealed the similar ozone removal rates and deposition velocities in airplane 
cabin environment. 
Researches about ozone consuming in building air condition system [5][6] helps to understand the ozone removal
inside ECS onboard aircraft. The ECS generally captures a variety of contaminants, such as oil vapor and gaseous
pollutants, solid dust particulate and other contaminants adhering on them, while such contaminants will also react
with ozone and contribute much to the total ozone removal, as revealed by experiments conducted by UK CAA and
Austrian DSTO[7]. Ke et al.[8]numerically investigated the ozone retention in heat exchanger and revealed that it
could consume more ozone under certain special conditions. However, the relationship between the retention ratio
and ambient ozone level is still unambiguous. Perkins et al. [9] measured the ozone retention ratios for some kinds of
Boeing 747 and obtained the average values of 0.47 and 0.83 respectively. FAA [10] have come up with a simplified
equation to estimate the ozone concentrations in cabin, where the constant retention ratio about 0.7 were elected not
to introduce the complexity of a varying retention ratio into the calculation procedures.
In this paper, different analytical models were employed to evaluate the ozone removal efficiency inside airplane
cabin and ECS, where different flow conditions and deposition mechanisms were considered for different ozone 
transportation stages according to the general configuration of civil airplane ventilation system. As for ozone 
retention inside ECS, DPM was employed and extended to numerically investigate the ozone spread inside ECS. For 
ozone retention inside cabin, where the ozone reaction on all the in-cabin surfaces were considered, the steady 
analysis of basic cabin with recirculated passage were built and validated.
2. Method
The entire transportation process, starting from the bleed airport of engine, going through the ozone converters in
most cases and the ECS until reaching the supply port of cabin, could be divided into two parts to separate the serial 
effects of all the components to ozone removal, that is, ECS and cabin. In this section, we combined the analytical 
model for cabin with DPM for ECS to evaluate the ozone removal efficiency for airworthiness certification.
2.1. Ozone retention model for cabin
For a typical cabin, the ozone will enter with the fresh air from outside firstly, then the deposit would react with 
some chemical substance inside the cabin, and then be exhausted. Figure 1 demonstrated a typical ozone 
transportation process for a cabin with recirculated air.
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Fig. 1. General ozone transportation process in cabin
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The relationship between the ozone concentration in cabin Ccabin and fresh air Cnew could be built up according to
Fig. 1, while the equivalent ozone concentration in cabin Ccabin is relatively difficult to define due to the non-uniform 
distribution inside whole cabin. Thus we adopt the average ozone concentration at inlet, Cin , and outlet, Cout , as 
follows:
  / 2cabin in outC C C                                                                                                                                          (1)
Referring to the model built by Ke et al[11], the equivalent retention ration cR   and the equivalent outlet retention 
ration oR could be derived as,
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The mixture rate K is the ratio of mass flow rate of the recirculated air to the fresh air, the cabin air exchange 
rate n (1/h) is 13600 / an m VU  , and the equivalent cabin removal coefficient dk is defined as  3600 /d dk v A nV . 
Where, reR is the retention ratio of recirculation, V and A are the volume and surface area of the cabin, 1m is the 
mass flow rate of fresh air. It can be found that, the cabin ozone concentration depends on its concentration in fresh 
air, the characteristics of indoor surface, the interior surface to volume relationship, and the ventilation rate.
2.2. DPM model for ECS
The ECS is a relatively complicated system which functions under some extreme conditions. The bleed air is 
supplied to the ECS from the high or low stages of the engine compressor, where temperatures exceed 350°C or
more than 500°C, and the pressure is over 15 PSI in most aircrafts. The air is cooled by the air-conditioning packs, 
which includes turbine and compressor machines, valves for temperature and flow control, air/air heat-exchanger 
using outside air to dispense waste heat and water coalesce to dry the air, then is delivered to the cabin. 
Ozone deposition could be analysed with the averaged mass transfer using integrated parameter model with the 
aid of analogy between mass transfer and heat transfer, but it has inherent difficulty to characterize the different 
thermo-physical properties of every point in components of ECS. In order to make up such deficiencies, the CFD-
based simulations have been broadly utilized in recent years. The CFD-based simulations are able to yield accurate 
results through Navier-Stokes equation solving by selecting proper flow models, such as wall functions, viscosity 
models and turbulence models. However, the computational burden derives from the complex geometry shape of the 
ECS 
In this paper, we have adopted the methods from Yang et al. [12] to numerically investigate the ozone spread using 
DPM. The DPM is a reduced-order model for fast CFD analysis with much less computation burden and acceptable 
precision with the consideration of local thermal physical properties and heat and mass transfer characteristics, 
which has been validated in the flow and thermal analysis of the circular pipes and heat exchangers. The equation of 
mass conservation for each control volume was built, where the mass flux of ozone deposited to the surface was 
determined by its local concentration in air and the deposition velocities. More details about DPM to analyse the 
ozone retention problem could be found in reference[12].
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2.3. Application to Boeing 747-400 model airplane
The three dimensional model of ECS on-board Boeing 747-400 model airplane was built, as shown in Figure 2(a), 
to estimate the system structural parameters. The ECS could be further decomposed into more parts to consider the 
huge variation of the temperature and pressure inside, such as the ozone converter, the bleed air ducts, the air-
conditioning pack and the air distribution ducts.
(a) 3D models (b) parameters estimation
Fig. 2. 3D model and parameters estimation of the ECS
The estimated parameters are listed in Table 1, where the value of deposition area of cabin is calculated by triple 
the value of cabin volume with referring to Weschler [13]. To be noted that, there are many components will 
contribute to the ozone removal inside air-conditioning pack, such as heat exchangers, compressor and turbine, but it
is still very difficult to analyze it in detail currently, and thus we modelled only two heat exchangers and estimated
the other components.
Table 1. Estimated parameters of each part
Bleed air ducts Air-conditioning pack Air distribution ducts Cabin
diameter
/mm
length
/m
area
/m2
area
/m2
diameter
/mm
length
/m
area
/m2
volume
/m3
area
/m2
60 16 6.03 3.0 60 50 18.85 2000 5800
For the air distribution ducts directly connected with the cabin, where the temperature and pressure are nearly 
constant, the retention ratio could be easily calculated with a constant deposition velocity along the ducts and only 
the physical deposition is considered. But for the bleed air ducts and the air-conditioning pack, chemical deposition
is considered because that they are prone to be polluted with bleed air contaminants, and it’s not easily to define an 
average constant deposition velocity due to the significant variation of temperature and pressure. 
Furthermore, the value of retention ratio of filter varies from 0.5-0.95 [14], which was measured by experiment.
The ozone deposition coefficient inside cabin is a core parameter for retention ration calculation, and the ozone 
deposition velocity in cabin was set as 3.6E-5 m/s, which was obtained from the work by Kazuhide [15]. According 
to the experiment of HVAC [13], the mass accumulation coefficients range from 3.8E-5 to 3.8E-8 while the chemical 
reaction constants range from 0.0034 to 3.4 for ducts. So the middle values were used here as 3.8E-6 and 0.034.
The final ozone concentration was derived with the analytical model for ozone transportation and deposition 
process demonstrated in Figure 3. 
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Figure 3. Analysis model for whole airplane
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Where iR (i=1, 2,3,4) is the ozone retention ratio of the ozone converter, the bleed air ducts, the air-conditioning 
pack and the air distribution ducts, ECSR , cabinR and totalR is the retention ratio inside ECS, cabin and overall flow 
passages.
3. Results and discussion
3.1. Effects of bleed air parameters
In this section, the mass flow rate of fresh air (2.0 kg/s) is determined according to airworthiness standards and 
the number of passengers. Considering the range of bleed air temperature from 150ćto 220ć and that of bleed air 
pressure from 250 kPa to 450kPa, the effects of the bleed air parameters on ozone retention ratio inside ECS were 
plotted in Figure 4, including the bleed air ducts, the air-conditioning pack, the total ECS and the cabin. During the 
analysis, the ozone retention ratio in air distribution ducts is 0.99 and nearly unchangeable, which could be 
neglected here. Similarly, the cabin ozone retention ratio is constant with 0.82  due to constant mass flow rate of 
fresh air and constant mixture ate of one. To be noted that, the ozone converter was note considered to compare with 
the experimental results [14].
According to Fig. 4(d), the average ozone retention ratio in cabin without ozone convertor is varied from 0.65 to 
0.75, which is very close to the value adopted in airworthiness certification currently [10]. Furthermore, the similar 
tendency of ozone retention ratio for each part could be found that, 1) The retention ratio will increase very limited 
extent with the increasing bleed air temperature. For example, at the pressure of 450kPa, if the temperature 
increased from 150 ćto 220ć, the retention ratio in bleed air ducts will increase 1.5%, while it will increase 2.7% 
in air-condition pack and total 4.2% in entire ECS from 0.80 to 0.84. However, for the same variation range of 
temperature at the pressure of 250kPa, the retention ratio nearly keep constant in the bleed air ducts, in the air-
condition pack and in the entire ECS. 2) The retention ratio will decrease a little with the increasing bleed air 
pressure. For example, at the temperature of 160ć, if the pressure decreased from 450kPa to 100kPa, the retention 
ratio in bleed air ducts will increase 5.9%, while it will increase 14.5% in air-condition pack and total 21.2% in 
entire ECS from 0.81 to 0.98.  For the same variation range of pressure at the temperature of 220ć, the retention 
ratio will increase 4.9% in bleed air ducts, 12.1% in air-condition pack and total 17.6% in ECS. 
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(a) ozone retention ratio inside bleed air ducts
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(b) ozone retention ratio inside air-condition pack
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(c) ozone retention ratio inside ECS
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(d) cabin ozone retention ratio without converter
Fig. 4. Effects of bleed air temperature and pressure on the ozone retention ratio in ECS
3.2. Effects of polluted level inside ECS
The engine bleed air is prone to contamination from outside air, or engine oil in the event of leaky oil seals and/or 
intake of contaminants such as oil and hydraulic fluids. ECS may be polluted by such contaminants and ozone 
retention will be changed hugely accordingly.
However, the polluted condition in ECS is lack of information currently. So we classified the polluted condition 
into five levels, as listed in Table 2, where different chemical reaction constants and mass accumulation coefficients 
were set in accordance with each polluted level. Besides that, other operation parameters adopted here are the bleed 
air temperature is 220ć,bleed air pressure is 450kPa, mass flow rate of bleed air is 2.0 kg/s. The retention ratio for 
cabin is still set to 0.82 as previously.
The effects of polluted levels combined with the mixture rates were given in Figure 5, where the cabin ozone 
retention ratio will decrease with the increasing mixture rates in a limited extent for each polluted level, while it will 
decreased hugely with increase of pollution. For example, it will decrease from 0.8 to 0.2 when the mixture rate is 
equal to 1.0, which reveals that the pollution level of ECS may have a significant effect on cabin ozone 
concentration
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Table 2. The values of parameters in different polluted conditions
Level Chemical reaction constant Mass accumulation coefficient
1 53 4 10. u 83.8 10u
2 43 4 10. u 73 8 10. u
3 33 4 10. u 63 8 10. u
4 23.4 10u 53 8 10. u
5 0.34 43.8 10u
Furthermore, Figure 6 gave the details of ozone retention ratio inside ECS, where all parts inside ECS have 
limited effects on ozone retention at clean conditions, while the influence increased with the increased pollution, as 
revealed in Figure 5 too. It can be also found that the air distribution ducts will play an important role than other 
parts in the heavy polluted conditions. 
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Fig. 5. Effects of polluted levels and mixture rates              Fig. 6. Ozone retention ratio of each parts
4. Conclusion
This study has presented an analytical model to analyse ozone concentration in airplane cabin, where the cabin
and ECS were investigated using different methods under different flow conditions and deposition mechanisms. The 
effecting factors to ozone removal inside cabin and ECS were evaluated. The significance of each one was evaluated 
and the results revealed that the ECS might have a significant effect on airplane ozone removal in some conditions. 
Besides, it would be important to determine the retention ratio in components of ECS including ducts, heat 
exchangers, and water separators with the real operation conditions.
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